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Abstract

We evaluate the NASA GISS ModelE2 general circulation model over the tropics
against water isotope (HDO/H20) retrievals from the Aura Tropospheric
Emission Spectrometer (TES). Observed isotopic distributions are distinct from
other observable quantities and can therefore act as an independent constraint.
We perform a small ensemble of simulations with physics perturbations to the
cumulus and planetary boundary layer schemes. We examine the degree to
which model-data agreement could be used to constrain a select group of
internal processes in the model, namely condensate evaporation, entrainment
strength, and updraft mass flux. All are difficult to parameterize, but exert strong
influence over model performance. We find that the water isotope composition is
more Sensitive to physics changes than precipitation, temperature or relative
humidity in the lower and upper tropical troposphere. Among the processes
considered, this is most closely, and fairly exclusively, related to mid-
tropospheric entrainment strength. Our study indicates that water isotope

observations could provide useful constraints on model parameterizations.
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Introduction

Observational and theoretical arguments suggest that satellite retrievals of
stable water isotope composition of water vapor are useful for climate model
evaluation [Sherwood et al., 2010]. The isotopic composition of water vapor is
controlled by the same processes that control water vapor amount, but the
observed distribution of isotopic composition is distinct from the amount itself
[Worden et al., 2007]. This is due to the fractionation that occurs between the
abundant H2160 isotopes (isotopologues) and the rare and heavy H2180 and HDO
(tH2H160) isotopes during evaporation and condensation. The fractionation
physics are simpler than the underlying moist physics; discrepancies between
observed and modeled isotopic fields are therefore more likely due to problems
in the underlying moist physics. Isotopic measurements therefore have the
potential for identifying problems in global climate models that might not be

apparent from more conventional measurements.

Isotopic tracers have existed in climate models since the 1980s [e.g. Joussaume
et al; 1984; Jouzel et al., 1987], but it is only since the mid 2000s that there have
been.enough data [e.g. Frankenberg et al., 2009; Worden et al., 2012] for
meaningful model evaluation in this sense, in the troposphere at least. Water
isotope retrievals from the Tropospheric Emission Spectrometer (TES) on board
Aura, among other instruments, have shown promise in evaluating model
components related to the timescale of convective instability decay in the NCAR
CAM model [Lee et al., 2009], for example, which was identified by Yang et al.
[2013] as a free parameter to which CAM precipitation quality was highly
sensitive. Risi et al. [2012] used isotopic measurements to identify overly-strong
diffusion during vapor transport for a model with a degraded advection scheme

as a primary cause of a moist tropospheric bias in the LMDZ model.

In this paper, we examine a small ensemble of perturbed physics experiments
with the NASA GISS ModelE2 general circulation model (GCM) for their isotopic
response alongside more conventional measurements. The physics
perturbations are to the cumulus and planetary boundary layer schemes, done in

the context of the normal model development process, where separate but
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interacting components of the model are being changed simultaneously. We
examine the spread in model-observation agreement for different
measurements, and determine whether this spread can be related to, and

therefore constrain, specific internal processes.

Data and model experiments

The atmosphere-only version of ModelE2 used for the CMIP5 experiments (GISS-
E2) was assessed by IPCC AR5 and is our starting point for this study [Schmidt et
al., 2014]. We referred to it hereafter as the AR5 version. We also use various
modifications on this model with physics perturbations as summarized in Table
1, drawn from the PBL changes described in Yao and Cheng [2012] and
convective scheme changes described by Kim et al. [2012]. The model with the
full set of physics changes is referred to as the AR5’ (AR5-‘prime’) version.

The isotope physics in the model follows the description in Schmidt et al. [2005],
and as discussed in that paper and elsewhere [Bolot et al., 2013], there remains
uncertainty in the isotopic physics, particularly for kinetic effects and under cold
conditions. Previous ModelE experiments [Schmidt et al., 2005] showed that the
isotopic response to uncertainty in the simple supersaturation scheme of Jouzel
et al. [1987], for example, is strong in the upper tropical troposphere and
stratosphere, but small at lower altitudes. This was also seen in Bolot et al.
[2013], where the isotopic response to parameter changes generally became
strong only when temperature was well-below freezing. Any attempt to
constrain UTLS processes using isotopic retrievals from MIPAS [Steinwager et al.,
2007] or ACE [Nassar et al., 2007], for example, would be more sensitive to the
uncertainties in isotopic physics. For our purposes these issues are beyond the

scope of this paper, but will be considered in future work.

We conduct a set of 18 experiments across a representative set of intermediate
configurations, with the AR5 and AR5’ as end-members. Each experiment is run
for seven years with a one year spin up, with prescribed, interannually-varying
sea surface temperatures (SST) starting in 2005 to match the TES period.

Precipitation is compared to estimates from the Global Precipitation Climatology
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Project [Adler et al., 2003]. Temperature and relative humidity are compared to
ERA-Interim reanalysis [Dee et al., 2011]. Isotopic composition is denoted as
OD=(Rsample/Rsta-1)X1000, where Rsample is the ratio of heavy to light isotope in
the measurement and Rstq is that of standard mean ocean water. 6D is compared
to TES over the 500-850 hPa range, where the TES retrievals are most sensitive
[Worden et al., 2012]. Model 6D are compared to TES 8D after estimating
instrument-equivalent model fields as described in Field et al. [2012], to account
for the effect of thick clouds, for example. Following Worden et al [2012], a -6.3%
correction is applied to the retrieved HDO concentrations to account for
spectroscopic bias. The in-situ data available for estimating this correction are
limited to Hawaii [Worden et al., 2011] and the interior of Alaska [Herman et al.,
2014], and as such, it is uncertain. This guides our model-data comparisons,
similar to previous work [Yoshimura et al,, 2011; Risi et al., 2012]. The analysis is
over-a narrow tropical domain between 15S and 15N, where, cloud effects
notwithstanding, TES 8D retrievals tend to be of better quality and where our
instrument-equivalent §D model fields are more reliable [Field et al., 2012]. We
exclude TOA radiation balance as a hard constraint, and in general avoid

identifying certain configurations as better than others.

We examine the degree to which model-data agreement could be used to
constrain a select group of sub-grid scale processes in the model. Convective
condensate re-evaporation is chosen given its important influence on model
performance for ModelE2 [Kim et al,, 2012] and other models [e.g. Maloney and
Hartmann, 2001; Bacmeister et al.,, 2006; Hohenegger and Bretherton, 2010;
Gueremy, 2011] and also on isotopic composition suggested previously [e.g.
Worden et al., 2007; Noone, 2012]. Cumulus entrainment strength is important
in influencing the sensitivity of the convective column to environmental
humidity [e.g. de Rooy et al., 2013], along with convective condensate re-
evaporation [Del Genio et al., 2012; Kim et al., 2012]. These are difficult to
parameterize and exert strong influence over model behavior in ModelE2 [Kim
et al., 2012] and in GCMs more generally [Knight et al., 2007; Rougier et al., 2009;
Sanderson et al,, 2011; Yang et al., 2013]. We also consider moist convective air

mass flux (MCAMFX) at 850 hPa as a general indicator of convective activity and
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supply of fresh surface air with high 8D to the mid-troposphere.

Re-evaporation strength over a layer is diagnosed from the model as the fraction
of total convective condensate in the column that evaporated within the
convection scheme. Entrainment strength ¢ is diagnosed according to the

standard definition

1dM

E=——

M dz
where M is the mass of the convective plume. These quantities are diagnosed
independently of their corresponding physics perturbations to account for them
being influenced indirectly by other changes. This allows us to include the
structural and parametric changes in Table 1, and provides diagnoses that can be

interpreted for other models.

Results

We start by comparing the relative humidity (RH) and 6D water vapor responses
at over 500-850 hPa for the AR5 and AR5’ experiments. RHso0-850 estimates from
ERA-] have maxima of ~75% over the Maritime Continent, Africa and South
America (Figure 1a). ModelE2 AR5 has an RH 3% lower (Figure 1b), and a very
similar spatial distribution, with a pattern correlation (rpa, the correlation
between the model and data fields at corresponding locations) of 0.87. RHsgo-850
increases by 7% for AR5’ (Figure 1c) relative to AR5 which reduces the model’s
dry humidity bias relative to ERA over wet regions, but tends to over-moisten
the dry subtropics. Overall, there is no significant change in the spatial RHs00-850
distribution for AR5’ (rpqa: =0.86). Despite significantly different model physics,
both the AR5 and AR5’ configurations are in similar agreement to the ERA-I
estimates. The precipitation response (Supplemental Figure 1) is marked by a
slightly better ITCZ representation, but with an increased wet bias over the
“Philippine hotspot” and less precipitation over land, similar to the increased re-
evaporation response seen in Bacmeister et al. [2006]. The pattern correlation
for AR5 is 0.71 and for AR5’ is 0.69. It is hard to judge from the RHso0-g50 or
precipitation if the AR5’ configuration is better, despite the large

parameterization changes.

©2014 American Geophysical Union. All rights reserved.



TES 6Ds00-800 has a maximum of -52 %o over east Africa and an oceanic maximum
in the west Pacific (Figure 2a), different from the broad RHso0-850 maximum over
the Maritime Continent. 8Dso0-850 is much higher over Africa than South America,
which is also different from the distribution of RHso0-850. The large difference
between observed RH and 8D patterns suggests immediately that even though
the &D.is also strongly influenced by the same moist processes, its principal
controls are somewhat different and it therefore provides an additional

constraint useful for model evaluation.

AR5 8Ds00-850 is 15%o0 lower than TES across the tropics (Figure 2b) and the
pattern agreement is much lower (rpqa: =0.62) than for RH. This could partly be
due to the more sparse horizontal sampling of TES compared to the assimilated
RH fields from ERA, but with smoothed model and TES 8Dso0-g50 fields, the AR5
agreement increases only slightly (rpae =0.67). The low 6D bias for AR5 is most
pronounced over Africa, South America and the oceanic rainbelts. §Dso0-850
increases by 19%o for AR5’, leading to a positive but smaller bias relative to TES
(Figure 2c). More importantly, the agreement in spatial distribution increases
significantly (rpe: =0.84), due to a preferential increase in 6D over the continents
and wet oceanic rainbelts. When we take into account the possible uncertainty in
the HDO correction, we conclude that the change in pattern agreement is more
important than the reduced bias and is likely robust to uncertainty in the
retrieval’s HDO correction. We note that similarly strong biases still remain in
the METOP/IASI and NDACC/FTIR HDO retrievals, but that the isotopic
variability is well captured by the retrievals (Schneider et al., submitted to
Atmospheric Measurement Techniques Discussions, 2014). We find also in
examining a single level at 500 hPa, where the retrieval sensitivity begins to
decrease, that the AR5’ 8D became too high relative to TES, but that the rpa¢
improvement was the same. The greater robustness of rpq leads us to adopt it as
the primary metric in judging model sensitivity to perturbed physics. Using a
dimensionless quantity such as rpq also simplifies comparisons of model

performance across variables with different scales.
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Figure 3 shows the spread in rpq for all 18 experiments across a broader set of
observations. Temperature over 500-850 hPa (Tso0-850) has the least amount of
spread, which is unsurprising given that the SST boundary conditions are
common to all experiments and will strongly force temperatures in the lower
troposphere over the ocean. For precipitation, AR5 and AR5’ do not represent
‘end-members’ in terms of rpec changes; gains made by increasing entrainment
tend to be offset by the changes to ATURB (atmospheric turbulence) or increased
re-evaporation. The spread in RHsoo0-850 is similar to precipitation, and rpa: is
slightly lower for AR5’ compared to AR5 and several of the intermediate

experiments.

The spread in rpq: for 6Ds00-850 across experiments makes the spread in
precipitation and the other tropospheric quantities appear modest. The single
biggest gain is from increasing entrainment (MoreEntr), but further gains are
made especially through the changes in ATURB. In the upper troposphere, T200-
500 agreement decreases slightly for AR5’ and remains unchanged for RHz00-500,
but both experiments lie at the center of spread similar to the lower free

troposphere for other intermediate experiments.

At minimum, we interpret the 6Ds00-850 I'pac Spread in Figure 3 to mean that 6D is
indeed valuable for model evaluation alongside conventional measurements. We
make an initial attempt to relate the spreads in rpq: to cumulus entrainment
strength, cumulus condensate re-evaporation and MCAMFX. To illustrate, Figure
4 shows the spread in 8Dso0-850 I'par in terms of the strength of these three
processes. These serve a similar purpose to Figure 2 in Yang et al. [2013], which
related modeled precipitation quality to variation in nine different convective
parameters for a larger perturbed physics ensemble. ‘r’ values at the tops of the
panels show the linear correlation with 95% confidence intervals. There is no
relationship between 8Ds00-850 'par and MCAMFX at 850 hPa; §Ds00-850 agreement
in the mid-troposphere could not be related in any simple way to the MCAMFX at
a lower height, which we thought would be the case via the supply of vapor with
higher 6D from the surface. For re-evaporation at 500 hPa, two separate,

positively associated regimes exist for experiments with directly and indirectly
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increasing re-evaporation, but there is no clear linear relationship across all
experiments. There is a strong positive linear relationship, however, between
0Ds00-850 I'par and the cumulus entrainment strength at 500 hPa. This relationship
was fairly smooth across experiments where the cumulus entrainment strength
was controlled directly and those where it responded indirectly to other
changes, unlike re-evaporation. The mechanism that connects the entrainment
strength to 8D agreement will require further study. It could be due to both the
changes to local convective frequency and depth at each grid point, or to large-
scale circulation changes that emerge as a result of the local changes. An increase
in the cumulus entrainment strength could, for example, suppress deep
convection in relatively dry areas and enhance it in wet areas. This would
therefore change the transport of fresh water vapor to high altitudes in those
areas. Differential diabatic heating between the relatively dry and wet area
would be stronger, which would change large-scale circulations. Further
experimentation and diagnosis could also be useful in trying to understand the
isotopic ‘amount effect’, explanations for which vary widely. The effect has been
attributed using idealized models to larger raindrops during heavier
precipitation [Lee and Fung, 2008], re-evaporation in downdrafts [Risi et al.,
2008], the strength and organization of mesoscale convection [Kurita, 2013],
and, using a limited domain cloud-resolving model, strength of moisture

convergence [Moore et al,, 2014].

That 6Ds00-850 stands out in terms of its relationship to the cumulus entrainment
strength at 500 hPa may be due to the selective heights at which the process
variables are examined. When entrainment is examined not just at 500 hPa, the
positive relationship between 6Dso0-850 e and the cumulus entrainment rate is
robust through the mid-troposphere (Supplemental Figure 2). Relationships
between rpq are also examined for MCAMFX (Supplemental Figure 3) and
evaporation (Supplemental Figure 4) at different levels, with no relationship to

SD and only weak-moderate negative relationships present for T and RH rpqc.

©2014 American Geophysical Union. All rights reserved.



Conclusions

Across a small ensemble of 18 perturbed physics experiments with prescribed
SSTs, the distribution of 8D in the lower free troposphere is more sensitive to
physics changes than that of precipitation, or temperature or relative humidity
through the depth of the tropical troposphere. In our case, pattern correlations
for 6D can be related fairly exclusively to the cumulus entrainment strength

through the mid troposphere.

Improvements to a climate model’s parameterizations of sub-grid scale physics
do not necessarily lead to better agreement with observations, due to previous
compensating errors in other parts of the model being exposed with changes
elsewhere [Mauritsen et al., 2012]. When making these changes, the more and
varied observations used for evaluation, the better, as they can potentially be
linked to specific, hard-to-observe processes which underlie model errors [Jakob,
2010]. The new turbulence parameterizations of Yao and Cheng [2012] led to
improved simulations of low stratocumulus clouds over the subtropical eastern
oceans, and the convection parameterizations used in Kim et al. [2012] led to the
appearance of a realistic Madden-Julian Oscillation (Madden and Julian, 1972) in
ModelE2. In combination as part of the AR5’ changes, however, they only served
to substitute one problem with the mean state of tropical precipitation (a double
ITCZ) with another (pronounced wet bias over the Philippine hotspot). Despite
this tradeoff, the large improvement seen in the lower-tropospheric 6D suggests
that the AR5’ configuration is a better starting point for future model

improvement.

The use of water isotope measurements in this way is still in its infancy, and
there is still much work to be done to mechanistically understand what controls
its distribution. Doing so will make isotopic measurements more useful as an
observational constraint for processes such as lower tropospheric mixing, the
uncertainty in which is thought to be associated with uncertainty in climate

model sensitivity [Sherwood et al., 2014].
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Table 1. Changes to convection and turbulence in ModelE2. The AR5 version of the model is

described in Schmidt et al. [2014] and the convection scheme in Kim et al. [2013]. The

entrainment and re-evaporation changes are discussed in detail in Kim et al. [2012] and the

turbulence-related changes in Yao and Cheng [2012].

Parameter Description AR5 ARS’
Plume buoyancy )
60, includes water )
threshold for 6, includes water vapor
ThetaV vapor
downdraft and condensate
initiation

NewCldBaseEntrLmt

PlumelEntr0.4

RevpAboveCldBase

LessDDraftRevp

ATURB

Entrainment mass

flux limit

Entrainment
coefficient for less
diluted plume
Updraft re-
evaporation

vertical extent

Downdraft re-

evaporation limit

Vertical turbulent

flux

Turbulent length

scale

Entrained mass
limited to that of

plume base layer

0.3

Below cloud only

All condensate
allowed to re-
evaporate

Diffusive and
counter-gradient
terms from Holtslag
and Moeng [1991]

Holtslag and Boville
[1993]

Entrained mass limited

to that of whole plume

0.4

Entire depth of plume

50% of condensate
allowed to re-evaporate

Diffusive and counter-
gradient terms from
Holtslag and Boville
[1993]

Holtslag and Boville
[1993] above PBL,
Nakanishi [2001]
within PBL including
buoyancy length scale
dependent on TKE
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Bulk Richardson

PBL height Turbulent kinetic number criterion from
diagnosis energy profile Holtslag and Boville
[1993]
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Figure 1. Annual mean RH averaged over 500-850 hPa during 2005-2011 for a) ERA-I b)
ARS5 c) AR5'.
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Figure 2. Annual mean 8D over 500-850 hPa during 2005-2011 for a) TES b) AR5 c) AR5'.
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Figure 3. Pattern correlation between model and observations across 18 experiments.

Observation types are GPCP precipitation, ERA-Interim temperature and RH averaged

over 500-850 hPa and 200-500 hPa, and TES 8D averaged over 500-850 hPa.
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Figure 4. §Ds00 pattern correlation (r,.) between mean annual observations and model fields for
18 experiments as a function of a) moist convective air mass flux (MCAMFX) at 850 hPa b) re-
evaporation at 500 hPa, c) entrainment at 500 hPa. ‘r’ values at the top of each plot (with 95%
confidence intervals) are the strength of the linear relationship between the r,.: and the process

variable.
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